Aeroacoustic mechanisms of an axisymmetric overexpanded supersonic jet impinging on a flat plate with and without hole are numerically investigated. High-order weighted compact nonlinear scheme is used to simulate the unsteady flow including shock waves and sound radiation in the near field of the jet. Analyses of unsteady flowfield and related nearsound field reasonably identify three major noise generation mechanisms, that is, noises from Mach wave, shock cell-shear layer interaction and small fluctuations of jet shear layer. Especially, intense noise radiation in the form of Mach waves and its reflection at the plate predominates the noises from the other two finer sources. The simulated distributions of sound source power and its frequency along the jet axis qualitatively well coincide with typical experimental data used in NASA SP-8072. Similar sound pressure spectrum shape is obtained both the cases of flat plate with and without hole, but the case of without hole shows higher SPL by several dB than that of with hole due to the stronger Mach wave radiation. Aeroacoustic flowfield is drastically affected by the Reynolds number because the jet shear layer instability directly causes the strength of acoustic waves.
INTRODUCTION
The noise generated by the impingement of an overexpanded supersonic jet on a flat plate with and without hole is of practical importance in a number of engineering applications, of which the launch of rocket is an example. Because the noise from rocket plume may expose the satellite to a severe environment, predicting vibroacoustic stress on a launcher at liftoff is urgently required where the plume interact with a launcher (usually launcher consists of flat solid surface with hole). The mechanism of acoustic wave generation by an impinging jet with flat plate is generally complicated where shock cell structure and stand off shock interact with jet shear layer. Furthermore, it can be easily imagined that the flow becomes further complicated when the impinging flat surface includes a hole.
There is a well-known model of rocket plume noise, NASA SP-8072 [1] , in which the acoustic load on vehicle is estimated by using analytical methods based on numerous experimental data. Some modifications are made to increase the prediction accuracy by ONERA [2] . The prediction using these models is useful for easy estimation for the primary design stage. However, the prediction accuracy is limited to typical chemical rocket plume with typical launch site configurations. Moreover, the mechanisms of rocket plume noise can not be understood from these models.
There are several experimental [3, 4] and numerical [5, 6] investigations of noise from supersonic jets impinging on a flat plate to understand the mechanisms of aeroacoustic wave generation. In these literatures, particular attentions are paid to a discrete tone because of its very intense tone noise compared with the broadband noise. They showed that the tone noise is induced by the unsteady oscillation of a normal stand-off shock before impingement. However, the noise mechanisms of rocket plume impinging on a flat surface with hole are little understood.
So, the primary purpose of this paper is to clearly understand the aeroacoustic mechanisms of over-expanded cold supersonic jet impinging on a flat plate with and without hole. Two-dimensional axisymmetric simulations using recently developed high-order shock capturing scheme [7, 8] with sufficient grid resolution are used to understand the noise mechanisms and resolve sound radiation in the near field of the jet. The configuration of interest here is simple, that is, axisymmetric rocket nozzle is placed vertically above a flat solid surface. The present study is our first attempt to understand the rocket plume noise at a launcher.
MATHEMATICAL MODELS

Governing Equations
Compressible form of Navier-Stokes equations is employed in the present simulations without any turbulence modelings. Sutherland's law is used to compute molecular dynamic viscosity. Prandtl number and specific heat ratio are fixed to 0.72 and 1.175, respectively.
Numerical Schemes
The equations are solved in the generalized curvilinear coordinates. Because the flow involves shock waves and our focus is on aeroacoustic mechanisms, finite difference schemes of seventh-order weighted compact nonlinear scheme (WCNS) [7, 8] is used to evaluate the spatial derivatives for convective terms, metrics, and Jacobian. The scheme is based on weighted average concepts. Sixth-order central differencing scheme is used for the viscous term evaluations. Symmetric Gauss-Seidel alternate directional implicit factorization scheme is used for Euler implicit time integration. In the present study, the computational time step is set for the maximum CourantFriedrichs-Lewy number to be the order of unity.
Boundary Conditions
Solid wall boundary condition at the plate is treated as noslip adiabatic wall and the pressure on the wall is defined from the equilibrium condition of the momentum normal to the wall. Large sponge layers are introduced around the radial and downstream boundaries to remove turbulent fluctuations and its reflection at the boundaries. The computed result of nozzle flow using Reynolds-averaged Navier-Stokes simulation with turbulence model is used for the jet inflow condition.
COMPUTATIONAL SETUP Flow Conditions
Mach number at nozzle exit and pressure ratio at nozzle exit to ambient (Pexit/Pamb) are set to 3.66 and 0.43. Aeroacoustic mechanisms, qualitative comparison with available experimental data and influence of hole at plate are discussed with the results using Reynolds number of 1.5x10 7 based on the nozzle exit conditions and nozzle diameter D. Then, two different Reynolds numbers, 1.5x10 7 and 1.5x10 4 are used to investigate the sensitivity of Reynolds number on aeroacoustic flowfields. Figure 1 shows the closed two-dimensional view of computational grid around the focused region employed in the present study. Every five grid points are presented in both streamwise and radial directions and 783x275x9 grid points are used in streamwise, radial and azimuthal directions. Focused region consists of equally spaced streamwise grid (dx=2.5x10 -2 D) which extends 16D from the nozzle exit to flat plate and smoothly stretched radial grid (dr=2.5x10 -3 D at the jet shear layer and dx=2.5x10 -2 D at the outer focused region) which extends 5D from the jet axis. Figure 2 shows typical soundpower spectrum (SPL) taken from the NASA SP-8072 [1] . The resolution characteristics of seventh-order WCNS shows that a wave can be properly resolved with approximately 8-9 grid spacings when the scheme is applied to the problem of onedimensional wave propagation. Therefore, with the aid of highorder WCNS, present employed grid resolution allows to resolve the wave up to Strouhal number of Sr=1.367, red line in the figure. Solid wall surface is presented by blue colored line and red colored grids are treated as inside the wall. The hole diameter at the plate and the plate thickness are set to 2D and 2.3D, respectively. By using this type of grid, the hole diameter and the distance between the nozzle exit to plate are easily changed by simply changing the grid index at the wall wherever desired. Large sponge layers with the length of 50D are placed at downstream and radial boundaries. Figure 3 shows the snapshots of pressure and density field around the focused region with Reynolds number of 1.5x10 7 . Shock cell structures are observed from the nozzle exit to downstream. Grey colored region represents the flat plate with hole. Generation of several acoustic waves is clearly observed from the simulation.
Computational Grid
NUMERICAL RESULTS
Aeroacoustic Mechanisms
Firstly, low frequency acoustic wave observed from the simulation is focused. Clearly unsteadiness of jet shear layer produces the relatively large scale structures at the downstream of the jet. Because these structures propagate downstream at a supersonic speed, they produce intense of Mach wave radiation obliquely downstream. Then, the waves reflect at the wall and turn to propagate upstream. The Mach wave radiation easily predominates over the noise from other finer-scale fluctuations. Strouhal number of the Mach wave radiation is Sr=0.13, which corresponds to approximately 150 Hz for a typical rocket.
As for the higher frequency acoustic waves observed from the simulation, Fig. 4 shows the enlarged snapshot views of pressure and density field around the upstream region near nozzle exit. Unsteadiness of shock cell structures and jet shear layer induce higher frequency fluctuations in the flow compared with the frequency of Mach wave radiation. Two sources of the aeroacoustic waves are clearly observed. One is from the shock cell-jet shear layer interaction. Unsteady shock cell structures interact with the shear layer. Then acoustic waves radiate in the direction of obliquely downstream as clearly shown in Fig.4(a) where the second shock cell structure interacts with jet shear layer (second red region from the nozzle exit). The other acoustic wave comes from the small fluctuations of jet shear layer instability. They produce much high frequency waves and the waves propagate obliquely upstream as shown in the upstream region near nozzle exit. Strouhal numbers of the acoustic wave radiations from shockshear interaction and shear fluctuation are Sr=0.31 and 1.15, which correspond to approximately 350 and 1500 Hz for a typical rocket. 
Qualitative Comparison with Available Experimental Data
Experimental standard chemical rocket data of jet axial location of apparent sources as functions of sound-power (SP) and its frequency are shown in Fig. 5 which is from NASA SP-8072 [1] . The experimental data used in the model of rocket plume noise indicate that sound power increases and frequency decreases when the location moves from nozzle exit to downstream along jet axis. In the present simulation, three sound sources are located along the jet axis from nozzle exit to downstream, that is, jet shear fluctuation, shock cell-jet shear interaction and Mach wave radiation. Comparing the three sound sources, from the nozzle exit to downstream, jet shear fluctuation induces relatively low SP and high frequency acoustic waves, shock cell-jet shear interaction produces medium SP and frequency and Mach wave radiation is relatively high PS and low frequency. These evolutions of the sound sources qualitatively agrees with the available experimental data used in NASA SP-8072. 
Influence of Hole at Plate
Snapshots of pressure and density field where overexpanded supersonic jet interact with flat plate without hole at Reynolds number of 1.5x10 7 are shown in Fig. 6 . Fundamental mechanisms of acoustic wave generation are same as that of the jet interact with plate with hole as shown in Fig. 3 . However, in the case of without hole, stronger Mach wave radiation is clearly observed compared with that of with a hole. This is considered to be because strong adverse pressure gradient due to the stand-off shock wave enhance the instability of jet shear layer.
In Fig. 7 , near-field SPLs of three locations are compared with whether the flat plate includes a hole or not. The three measured locations are placed at 4D radially away from the jet axis and 1D (point A), 4D (point B) and 7D (point C) streamwisely away from the inlet boundary. The shapes of the spectrum are similar in both cases, but the SPLs obtained by the case of without hole show higher SPL by several dB due to the stronger Mach wave radiation. Figure 8 shows the snapshots of pressure and density field around the focused region with Reynolds number of 1. Near-field SPLs of three locations are compared in Fig. 9 with the two different Reynolds numbers. The three measured locations are same as that of Fig. 7 . Drastic differences of SPLs are observed, approximately 30dB differences in the present simulations. In the low Reynolds number case, SPLs steeply decrease at high frequency range compared with the high Reynolds case because of the lack of fine scale fluctuations. Also distinct peak corresponding to the frequency of Mach waves around Sr=0.1 is clearly observed whereas such distinct peak can not be appeared in the high Reynolds number case. 
Sensitivity of Reynolds number
CONCLUTIONS
Aeroacoustic mechanisms of an over-expanded supersonic jet impinging on a flat plate with and without hole are numerically investigated by two-dimensional axisymmetric computations as our first attempt to understand the rocket plume noise at a launcher.
High-order shock capturing scheme with sufficient grid resolution yield us to understand the aeroacoustic mechanisms of rocket plume noise at a launcher. Analyses of unsteady aeroacoustic flowfield reasonably reveal three major noise generation mechanisms, that is, noises from Mach wave, shock cell-jet shear layer interaction and small fluctuations of jet shear layer. Especially, intense noise radiation in the form of Mach waves from relatively large vortex structures generating downstream region and propagating at a supersonic speed predominates the noises from the other two finer sources. When Mach waves reach to a flat plate with and without hole placed in the downstream of the jet, Mach waves are reflected and begin to propagate upstream. The Mach wave reflection possibly causes a main factor of vibroacoustic stress on a launcher at liftoff.
These simulated distributions of sound source power and its frequency along the jet axis qualitatively well agree with the experimental data of typical chemical rocket as shown in NASA SP-8072.
Similar sound pressure spectrum shape is obtained between the cases of flat plate with and without hole, but the case of without hole shows higher SPL by several dB than that of with hole due to the stronger Mach wave radiation.
Aeroacoustic flowfield is drastically affected by the Reynolds number because the jet shear layer instability directly causes the strength of acoustic waves. The case of lower Reynolds number shows steeply decreased SPL at high frequency range and distinct peak corresponding to the Mach wave radiation.
